In this paper, a study of the influence of hydrogen (concentrations 6 ppm -1%) on the work function of thin metallic films at moderately elevated temperatures is presented. The work function was measured indirectly by the observation of the surface potential of dedicated test structures using scanning surface potential microscope. Metallic layers with thicknesses of 10, 20, 30, and 50 nm were deposited on semiconductor substrates as well as on a thick gold layer. The investigations were focused on palladium thin films although a comparison to results obtained for platinum layers was also discussed. 
Introduction
Nowadays, hydrogen has variety of applications, it is used in technological processes, industry, and in the energy market as an alternative source of fuel as well as a cooling agent [1] . Because of the large explosive limit (above 4.65%) and the interaction with metals causing their embrittlement, it is necessary to monitor all possible leakages. Commonly used hydrogen sensors suffer from various drawbacks, such as poisoning, the lack of long-term stability and accuracy. Moreover, the appearing requirement of operation in harsh environmental conditions or * E-mail: Joanna.Prazmowska@pwr.wroc.pl high temperatures could not be met by classical semiconductor oxide sensors. For more sophisticated applications, AIII-N based sensors can be used. The base structure of such sensors consists of a GaN layer or an AlGaN/GaN heterostructure, ohmic contacts and, most important, a thin catalytic metal layer that forms a rectifying contact with the semiconductor layer. The catalytic metal layer is used in order to assure the dissociation of molecular hydrogen into atomic hydrogen, which can readily diffuse into the metal bulk and the metal-semiconductor interface. Thus specification of detection mechanism of this kind of sensors is still demanded. The operation of these devices is mainly explained by lowering of Schottky barrier height (SBH) in diodes or transistors. The SBH depends on work-function changes, which can be indirectly measured by the surface potential (SP) of the metallic layer. It is known that at temperature above 10 K hydrogen molecules dissociate on the catalytic metal surface forming a proton or negative ion by losing or accepting an electron. Depending on the metal material, a certain state of hydrogen appears [2] . The interaction of hydrogen with the metal changes the electron distribution on the surface affecting the SP. Thus, the proposed method can be an effective tool for the observation of the occurring reactions. The present paper is the first to report results regarding the dependence of the SP on the hydrogen concentration.
Among the numerous catalytic transition metals (e.g., Pt, Pd, Ni, and Ir), our investigations primarily concern palladium films. This is because palladium exhibits the most efficient catalytic dissociation (sticking probability near 1 [3] ) of molecular hydrogen along with high diffusivity and solubility of atomic hydrogen in its volume.
Experimental details
For our experimental investigations, dedicated structures with catalytic metal films and a reference metal were designed and fabricated. As a reference material, thick layers of gold were applied. Because of the low sticking coefficient of Au, the chemical interaction of the hydrogen molecules can be neglected. The surface area of the sample contained three regions: the catalytic metal deposited directly on the semiconductor substrate, the catalytic metal deposited on the gold layer, and the gold layer deposited on the semiconductor substrate (Figs. 1a  and 1b) .
The samples were prepared on semi-insulating GaAs and silicon substrates with thermally grown SiO 2 (T = 1050°C, = 1 µm) to exclude the influence of electrical contacts. The substrates were chemically cleaned and etched in the HCl:H 2 O (1:1) solution for 15 s before the metallic layers were deposited on them in three technological steps in a UHV metallization system. The thickness of Ti/Au bilayer was 5/150 nm and the Pd as well as Pt films were as follows: 10, 20, 30, and 50 nm. The titanium underlayer was applied in order to achieve proper adhesion of the gold layer. Appropriate patterns of the test structures were obtained in a lift-off technique.
The measurements of the SP were conducted by a Multimode V Veeco atomic force microscope (AFM) equipped with a surface potential mode and an atmospheric chamber of defined volume. The chamber was supplied with N 2 (6N) and with H 2 /N 2 (6N) mixtures of 100 and 10000 ppm. The hydrogen solution was controlled by a system consisting of three digitally controlled high-accuracy mass-flow controllers, which allowed adjusting the concentration in the range from 1 ppm to 1%. All measurements were per- formed at atmospheric pressure at room temperature and 60°C. Scans of the topography as well as the SP were performed by gold-covered silicon tips.
The repeatability of each measurement was assured by purging the chamber with the mounted sample in N 2 (6N) flow for 120 min to remove residuals from the surface preventing adsorption-site activity. In the case of measurements at the elevated temperature, samples were heated on a resistive heated table adapted to the AFM system. Then, appropriate concentrations of the hydrogen/nitrogen mixture were introduced into the chamber in 30 min time intervals. The SP of the catalytic metal layer was measured continuously by scanning the surface with the AFM in lift mode. The mean values of the SP were calculated in accordance with the gold layer SP.
Results
The experiments were mainly focused on palladium thin films although it is well known that this material suffers from the drawback that the interaction of hydrogen can form hydrides of palladium (PdH x ) under certain conditions. The PdH x is a non-stoichiometric compound with physical properties considerably different from those of Pd. One of the major differences is the larger lattice constant, which could cause buckling and influence the charge distribution on the surface of the layer. To obtain PdH x , a hydrogen pressure exceeding 1.1 MPa at room temperature is required [2] . Thus, in our work the formation of hydrides affecting the SP of metallic thin layer was excluded and operation in the range of concentration of hydrogen-metal system in the α-phase assured. The response of palladium layers with the thickness of 10 nm to the interaction with hydrogen of a concentration in the range from 6 ppm to 1% at room temperature is presented in Fig. 2 . The values of the concentration of the hydrogen/nitrogen ambience are listed at the bottom of the plot (in ppm, if not specified otherwise). Each vertical line represents the beginning of the introduction of a particular concentration of the mixture. The interaction of hydrogen with a metallic surface caused the SP value increase, which indicated the presence of positively polarized hydrogen [2] . The largest relative change of the SP of the 10 nm thick Pd layer was equal to 0.35 V, but there was no remarkable alteration for lower concentrations of hydrogen in nitrogen. This could indicate a lack of interaction between the metal surface and hydrogen for these small amounts of hydrogen, or it could be due to a very long response time. The first speculation can be easily dismissed based on the fact that chemisorption of hydrogen on surfaces of transition metals is a non-activated process that occurs already at room temperature [4] . Nevertheless, at this temperature the influence of hydrogen on the metallic film SP proceeded very slowly causing peaks of the SP on the surface associated with adsorption sites that enlarged their diameter with the duration of the interaction. Reaching uniformity on the whole surface required a time exceeding 5 hours (for a constant concentration of 25 ppm) depending on the catalytic metal film thickness, which was confirmed by our earlier investigations (not shown).
In addition, it should be remarked that the SP of palladium deposited on a gold layer was much lower than that of palladium on a semiconductor. The screening disability of a 10 nm thick palladium layer can be excluded because according to Mott's theory, the Thomas-Fermi screening length for most metals is less than 0.7 Å [5] . Other than that, the observed phenomenon could be explained by different structural properties of the as-grown thin metallic films deposited on the substrate or the metallic layer. However, no initial decrease of the SP associated with the structural imperfections was noticed, which is contrary to Christmann et al. who investigated Pt (111) [6] . Nonetheless, the AFM topography scans performed with a resolution appropriate for analyzing the proper area of sample did not show any structural differences between them.
According to the relatively long response time of the palladium layer SP due to interactions with hydrogen for a wide range of concentrations at room temperature, experiments at slightly elevated temperature (60°C) were carried out. The obtained results for the SP for various thicknesses of the Pd layer are presented in Fig. 3 .
The results of the experiments carried out at the elevated temperature exhibited a behavior similar to those at room temperature with the exception that the response for lower concentrations was observable. The response time was still relatively long, and the character of the SP change after alteration of the hydrogen concentration nearly linear. Nevertheless, for a Pd layer with the thickness of 30 nm and for the concentrations of 6 and 12 ppm, an exponential-like response, which announced saturation, was noticed. It is also worth emphasizing that the hydrogen concentration at which the SP remained unchanged was dependent on the catalytic metal film thickness. For Pd with the thickness of 10 nm, this concentration was approximately equal to 50 ppm, although some interaction could still be detected for further changes of the hydrogen concentration, but the measured SP suffered from considerable noise. Palladium with thicknesses of 20, 30, and 50 nm had a "saturation concentration," at which the absorption rate was equal to or exceeded the dissociative adsorption efficiency, reaching 50, 25, and 25 ppm, respectively. This suggested that the total achievable coverage of the adsorption sites was influenced by the thickness of the catalytic material layer. The phenomenon can be explained by the contribution of the grain size of investigated layer because theoretically the grain size of a thin metallic layer is equal to the film thickness [7] . The diffusion of hydrogen to thinner layers is much lower than to thicker films because of the presence of the grain boundaries, as described by the Mütschele and Kirchheim model [8] , especially in the range of low concentrations of hydrogen (i.e., in the α-phase range). The lowest maximum relative response for the thinnest Pd layer was caused by the temperature of the maximum response shift. Most of the investigated layers, after reaching the total coverage of the adsorption sites for intermediate values of the hydrogen concentration, responded to a further concentration increase to 500 ppm and 1%. The occurrence of this effect could have been caused by a very high relative alteration of the concentration leading to an increase of the surface coverage with higher concentrations, as expected from the theory of catalysis on surfaces of solids. After the initial increase of the SP, a nearly linear decrease occurred, which could have been caused by a reduction in the sticking coefficient due to the enlargement of the coverage exceeding a particular value [9] . As already mentioned, hydrogen diffusion into the metal volume can lead to an extension of the lattice constants of the layer. Assuming ideal adhesion of the metal film to the substrate and considering a "clamped" thin metal film, the constraint condition does not permit in-plane expansion. Thus, only out-of-plane strain affecting the morphology is possible [10] . To exclude this factor, the surface morphology of all samples was scanned simultaneously with the SP observations. No influence of the hydrogen interaction with the thin metal layer on its morphology was observed. The topographies of the samples before and after the measurements were nearly identical (not shown).
For comparison, measurements of platinum layers of the same thicknesses as the palladium films were perfomed. The preparation, the methodology, and the conditions of the measurements were identical to those described above. For all thicknesses of Pt, the response to the interaction with hydrogen of the various concentrations in the range as previously and at 60°C had a behavior similar to that presented in Fig. 4 . The lack of response for each hydrogen concentration increase and its linear behavior confirmed a lower sticking probability of the Pt layer. It is remarkable that the diffusion rate and the dissociation efficiency did not achieve equilibrium at intermediate values of the hydrogen concentrations, contrary to the observations for palladium thin films. However, a distinct response of the SP of Pt layers was observable for the concentrations of 500 ppm and 1%, which is similar to the case of Pd layers. Also, the lack of the dependence of the maximum achievable coverage on the layer thicknesses confirmed the relatively low diffusivity of this material. For the Pt layers, the morphology influence on the SP alteration was also excluded by its physical property of not being able to form hydrides and by topography scanning simultaneously with SP observations.
Conclusions
This paper has investigated for the first time the response of the SP of a catalytic metal thin film to the interaction of low concentration hydrogen at atmospheric pressure. The dedicated test structures were designed and fabricated for measurements by surface potential microscopy. Observations were carried out for Pd and Pt films at room temperature and at 60°C. The interaction of hydrogen with the metallic surface caused an increase in the SP value, which indicated the presence of positively polarized hydrogen. The lower value of the SP of palladium deposited on a gold layer was observed and explained by different structural properties of the as-grown thin metallic films deposited on a substrate and a metallic layer with simultaneous exclusion of the screening disability of thin metallic layers. Longer response times for palladium layers investigated at room temperature, which differs from the results at elevated temperatures were revealed. This could indicate the activation requirement of chemisorption processes. The hydrogen concentration at which the SP remained unchanged for the Pd samples was dependent on the catalytic metal film thickness, which was associated with a lower diffusivity of the thinner layers according to the Mütschele and Kirchheim model. The remarkable change of the SP during the introduction of a mixture of hydrogen and nitrogen with concentrations of 500 ppm and 1% resulted from an increase of the surface coverage with the growth of the concentration. A further decline of the SP was observed, it could be explained by a decrease of the sticking coefficient. For Pt layers, the lower sticking probability was confirmed. Also, remarkable differences between the response of the SP to the hydrogen interaction between Pd and Pt layers were revealed. The formation of hydrides of metals and the topography alteration influence on the obtained results were excluded.
